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ABSTRACT
This study looks to examine a method of overcoming the limitations caused by the size of
a physical tracking area in virtual reality environments known as impossible spaces and attempt
to improve its efficiency by altering the texture flow of the virtual environment. The experiment
involves running participants through a series of small buildings consisting of two rooms in which the
percentage of overlap between the two rooms and the ratio of texture movement to user movement
(corresponding to textural flow conditions) differs from trial to trial and asking participants to make
a judgement of whether or not the environment is possible in the real world or impossible. The
study found that a 50% slower condition increased the point of subjective equality by an overlap
percentage of 2.88%, a 150% slower condition increased the point of subjective equality by 4.51%,
a 50% faster condition decreased the point of subjective equality by 0.92%, and a 150% condition
decreased the point of subjective equality by 1.82%. The results found in this study have led to
the conclusion that increased textural flow increases sensitivity to overlap by making the distance
between the rooms feel smaller, while decreased flow decreases sensitivity by making the distance
between the rooms feel larger.
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CHAPTER 1
INTRODUCTION
A common problem plaguing much of virtual reality development is the need for space. If a
virtual environment wishes to incorporate real-world movement, it must have a large enough physical
tracking space to accommodate it. This dependency limits virtual reality development, forcing
creators to either scale down their environments or come up with alternate forms of movement not
dependent on real world space. The limitations imposed by physical space have led many researchers
to try to find ways to work around said limitations using a virtual environment’s characteristic of
not having to obey real world scientific laws without increasing the risk of motion sickness in users.
I started my research of this issue while working on my Senior Capstone Project. My initial
work focused on examining some of the methods and techniques, known as redirected walking, used
to try to overcome this space issue. This research evolved, along with the capstone project, to an
implementation of some of the methods, specifically rotational and translational gain [1]. Towards
the end of my work on the capstone after implementing both rotational and translational gain into
that project, I began to examine some of the more complex methods that had less research done into
them. However, many of these methods, while simple in theory, were fairly complicated in terms of
how to implement them, so I turned to some of the methods that were more complex theoretically
but had simpler methods of implementation.
One such method is known as impossible spaces. Impossible spaces are virtual environments
that violate the laws of Euclidean space and because of that cannot exist in the real world [2].
This method seemed to hold the highest number of possibilities in terms of aspects which could be
researched. One of these possibilities proved to be the perfect opportunity when the question “what
would happen if you made someone think they were going faster or slower in an impossible space?”
was asked. Thus, the idea for this study was born.
This study looks to improve the effectiveness of overlapping-architecture-style impossible spaces
using methods similar to Suma et al. [2] with the addition of moving textures in the hallway
connecting the two rooms.
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CHAPTER 2
RELATED WORK
Redirected walking in virtual environments can take on many forms. Nilsson et al. [3] looks
at the history of redirected walking methods. The methods are broken down into two groups:
methods that manipulate the mapping between a user’s real world movement and their virtual
movement, and methods that manipulate the architecture of the environment. The methods that
manipulate mapping have two subcategories: subtle methods, which make changes that are intended
to be imperceptible to users, and overt methods, which give up trying to be imperceptible in fa-
vor of effectiveness. The subtle manipulations include methods such as rotation gain, translation
gain, curvature gain, and bending gain. The overt manipulations include seven league boots, the
freeze-backup technique, the freeze-turn technique, and the 2:1 turn. The architecture manipulation
methods include change blindness and impossible spaces.
The most straightforward and commonly used methods are rotational and translation gains,
which are examined extensively in Steinicke et al. [1]. Typically, the ratio of movement from the
real world to a virtual environment is 1:1. The idea behind these two methods is to apply some
scalar value to the movement tracking that changes that 1:1 ratio and makes it seem as if a user is
walking a further or shorter distance in the case of translational gain or turning more or less in the
case of rotational gain. Steinicke et al. found that using these methods, walked distances could be
scaled down by 14% and scaled up by 26% without the user noticing. Additionally, users could be
turned 49% more or 20% less than perceived without notice.
The Seven League Boots method takes the idea behind translation gain but makes a few changes.
As described in Interrante et al. [4], the Seven League Boots method applies a larger motion scalar
but calculates the direction the user intended to move and only applies the scalar to that direction.
This would, in theory, help prevent exaggerated swaying caused by applying the motion scalar to the
natural left and right swaying humans exhibit when walking. The difficulty in this method comes
from calculating the direction the user is moving, as the environment would either have to do a
complex series of vector calculations or allow the user to turn the scaling on and off to guarantee
the scaling only happens while they are walking.
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The Impossible Spaces method takes the opposite approach, being more complex in theory but
having a simpler method of implementation. Described in Suma et al. [2], an impossible space is a
virtual environment that contains geometry that violates the laws of Euclidean space and therefore
cannot exist physically. The most common application of this is through the use of self-overlapping
architecture. Suma et al. looked at two methods to create overlap: an environment where the size
of the rooms was fixed and the rooms moved location to create overlap and an environment where
the size of the rooms changed to create the overlap. The study found that the absolute detection
threshold, the overlap percentage, or the percentage of a room’s area that overlaps another room,
at which participants are equally likely to judge the space as possible or impossible, was calculated
to be 55.57% overlap for the fixed room and 31.06% for the expanding room. This seems to suggest
that subjects are less aware of the overlap in fixed size rooms.
Since the subjects of Suma et al. seemed to be more sensitive to the expanding room method,
and since the researchers of that study stated that “we believe we tested the feasible upper limit for
the expanding room condition” [2], that is the room overlap method used by this study.
3
CHAPTER 3
EXPERIMENT
3.1 Similarity to Original Study
The idea behind this study is to take some of the ideas presented in Suma et al. [2] and see if
the impossible spaces idea presented there can be improved using moving textures. To this end, I
have taken some of the methods and applied them to this experiment. In Experiment 1 of Suma
et al., they test two methods of overlap: fixed rooms and expanding rooms. This study uses the
expanding room method presented in that study. In order to create overlap, the shared wall between
the rooms is shifted to create overlap. The implementation of expanding rooms in this study can
be seen in Figures 3.1 and 3.2. Where the methods between this study and Suma et al. primarily
differ is in room size and room content. In this study, the rooms are smaller with a width of 1.05m,
whereas the rooms in Suma et al. have a width of 7.32m. The rooms in this study are smaller due
to a limited physical tracking space in the area where the experiment was conducted. Additionally,
in order to both save space and simplify the procedure of the trials, the rooms in this study were
kept bare, as opposed to the rooms in Suma et al. that had furnishment in the form of a desk with
contents.
3.2 Test Environment
Participants were asked to explore a series of small, single-floor, virtual buildings consisting of
two rooms and a hallway connecting them. Some of these buildings were possible in the real world,
meaning that the two rooms did not overlap and simply shared a wall. The other buildings were
impossible in the real world, meaning they had two rooms that overlapped with each other to some
degree. Each of the two rooms had a fixed width of 1.05m and a variable length ranging from 2.13m
to 3.73m. The hallway connecting the two rooms was 4.26m x 0.84m and can be seen in Figure 3.3.
The environment also had a controller object that allowed the experimenter to control two main
aspects of the environment: the overlap percentage of the rooms, and the ratio of the movement
speeds. The overlap percentage is a measure of the percentage of the area of the two rooms that
was shared. The ratio of the movement speeds is the ratio of the movement speed of the hallway
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Figure 3.1: Above view of the environment with the left room active
Figure 3.2: Above view of the environment with the right room active
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textures to the movement speed of the user. This was accomplished by calculating the movement
of the user in the axis of movement parallel to the length of the hallway and applying a calculated
offset value to the textures on the walls, floor, and ceiling of the hallway.
Participants were asked to start each trial at the end of the hallway while facing the wall at
the other end of the hallway while the room overlap and texture movement ratio were set by the
experimenter. Once the parameters were set, the subjects were instructed to explore the two rooms
starting with the room farthest away from them. Once both rooms had been explored, participants
were asked to return to the end of the hallway they were closest to and state whether they felt the
area they had just explored was “possible” or “impossible”. Essentially, participants had to judge
whether they felt the depth of the room was possible or not.
3.3 Study Design
The study used a within-subjects design with two independent variables: the percentage of
overlap of the two rooms and the ratio of hallway texture movement speed to participant movement
speed. The study tested six levels of overlap: 0%, 15%, 30%, 45%, 60%, 75%, and five texture
movement speed to participant movement speed ratios corresponding to five different textural flow
conditions: static textural flow, 50% slower textural flow, 50% faster textural flow, 150% slower
textural flow, and 150% faster textural flow.
It is important to explain what is meant by altered textural flow. When a person walks through
the real world, the geometry of the world and the textures (the fine details of the world) move the
same. Humans instinctively use this fact to gauge our speed and how far we’ve walked. In VR,
however, we can decouple geometry and textures causing them to move independently of each other.
In this sense, we can alter the flow of a texture in VR.
Each overlap percentage was tested with each textural flow, resulting in 30 possible conditions.
The study also used a block design with two blocks: Block 1 which tested the conditions that were
slower or equal to normal walking, and Block 2 testing conditions that were faster than normal
walking. Each condition was repeated three times per person, resulting in a total of 54 trials per
participant in Block 1 and 36 trials per participant in Block 2. The presentation order was randomly
shuﬄed at the beginning of the experiment, with the stipulation that no two consecutive trials would
have the same overlap percentage.
I hypothesized that altering the textural flow of a self-overlapping architecture environment would
cause the user to become less sensitive to overlap in the slower textural flow conditions and more
sensitive in the faster textural flow conditions, since changing the flow rate of the textures would
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make it feel as though one were walking slower or faster equating to walking a longer or shorter
distance, respectively, down the hallway.
3.4 Participants
A total of 6 people participated in the study, all of whom were members of High Fidelity Virtual
Environments Lab and extensive VR users. All the participants were male, with a mean age of 24.5
and a standard deviation of 5.74. All six participants had either normal or corrected normal vision.
One participant suffered from red-green color-blindness, specifically protanomoly. All participants
stated that they used a computer over 20 hours per week. Four participants stated they played
video games very frequently, with one participant stating they played rarely. People who suffered
from a history of epilepsy or seizures were excluded from participating. All 6 of the participants
went through both the Block 1 and Block 2 trials.
3.5 Equipment
Participants explored the virtual environment using an HTC Vive head-mounted display, which
has dual AMOLED 3.6” Diagonal screens, a 1080 x 1200 pixel resolution per eye (resulting in a total
resolution of 2160 x 1200 pixels), a 90Hz refresh rate, and a 110 degree field of view [5]. Tracking
was provided by two of the HTC Vive Base Stations, which were placed in opposite corners of the
tracking area. The Vive and a single base station can be seen in Figure 3.4.
The environment was run on a Intel Core i5-7400 3.00 GHz PC running Windows 10 Pro with
16 GB of RAM and a NVIDIA GeForce GTX 1060 graphics card.
The environment was rendered using version 2017.4.20f2 of the Unity 3D game engine.
3.6 Methods
The study took approximately one hour per participant to complete, roughly breaking down to
40 minutes for Block 1 and 20 minutes for Block 2. Block 2 was run at a later time than the Block
1 in order to prevent the experiment from becoming too long. Participants were initially asked to
read and sign an informed consent form and ask any question they had about the experiment. Once
their consent was received and their questions answered, they were asked to fill out a Kennedy-Lane
Simulator Sickness Questionnaire [6] and a demographic and virtual reality experience questionnaire.
Once this was completed, participants were told step-by-step tasks they would perform, taught the
differences between a possible and impossible space, and warned about the changing sizes of the
rooms and altered textural flow of the hallway in order to try to reduce participant discomfort.
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Figure 3.3: User view of the environment’s hallway
Figure 3.4: The HTC Vive head mounted display (left) and one of the HTC Vive Base Stations
(right)
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Following this explanation and a confirmation that the participants were ready, they were walked
to the starting position, equipped with a headset, and then asked to complete all 54 trials in Block
1, with a 3-5 minute break approximately half-way through to help alleviate any stress or fatigue
and reduce the chances of simulator sickness. Participants’ verbal responses were recorded by the
experimenter on a chart. Following completion of the Block 1 trials, the user was asked to fill out
another Simulator Sickness Questionnaire [6] in order to see if their reported conditions changed
following immersion into the environment. At a later date, the participants were brought back in
to complete the 36 Block 2 trials. Upon completion of the Block 2 trials, the experiment was then
concluded, and subjects were given a final opportunity for feedback and questions.
Each participant’s responses were converted into 0s and 1s, with a 0 representing a response
of ”impossible” and a 1 representing a response of ”possible”. The responses were then averaged
together to get a mean response for each of the 30 conditions for each user. These averages were
then compiled into comma separated value files and run through a script to create a psychometric
curve. Said script was written in Python 2.7.13 with data analysis being performed using built-in
Python commands as well as the NumPy and SciPy Python libraries. The data visualizations were
created using the Matplotlib library. Separate psychometric curves were created for the detection
of impossible spaces for each movement ratio condition. The point of subjective equality (PSE), or
the point at which the curve reaches a probability of 0.5, for each curve was also calculated. In
terms of this study, the point of subjective equality represents the room overlap level at which it
is a 50-50% chance that a participant would choose possible or impossible. For room overlap levels
lower than this point, a participant would be less likely to be able to detect an impossible space.
Conversely, at levels of room overlap higher than the point of subjective equality, participants are
able to more reliably detect an impossible space. The just noticeable difference boundaries, or the
boundaries of the area on the graph where changes in the overlap percentage was not noticeable,
were also calculated.
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CHAPTER 4
RESULTS
4.1 Impossible Space Perception
Figure 4.1 shows the average response probability and standard error for all participants across all
possible overlap percentages for the static texture control case. Figures 4.2 and 4.3 show the average
response probability and standard error for all participants across all possible overlap percentages
for the 50% slower and 150% slower conditions, respectively. Figures 4.4 and 4.5 show the average
response probability and standard error for all participants across all possible overlap percentages
for the 50% faster and 150% faster conditions, respectively. The solid line is a fitted psychometric
curve using the function shown below.
F (x) =
1
1 + e−k∗(x0−x)
The PSE of each curve was found to be 23.42% for the static condition, 26.30% for the 50%
slower condition, 27.93% for the 150% slower condition, 22.50% for the 50%faster condition, and
21.06% for the 150% faster condition. The just noticeable boundaries can be seen on each of the
corresponding figures.
Figure 4.6 shows all five psychometric curves overlapped with each other to allow easier compar-
isons between the five curves.
4.2 Simulator Sickness
Overall, most participants experienced a slight increase in self reported fatigue from before the
experiment compared to after and less than half reported an increase in awareness of their stomachs.
This increase is not surprising given that the experiment lasted approximately 40 minutes and
involved participants walking through areas with texture manipulation. There were some other
slight increases that varied from participant to participant, but these were usually due to factors
outside the environment according to the participants (such as one participant reporting an increase
in sweating but stating it was due to the testing area being hot at the time). One subject did report
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either a slight or moderate increase in nearly every category, but stated that most of their discomfort
stemmed from an issue with his contact lenses.
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Figure 4.1: Detection results and standard errors for the impossible spaces test at the static condi-
tion.
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Figure 4.2: Detection results and standard errors for the impossible spaces test at the 50% slower
condition.
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Figure 4.3: Detection results and standard errors for the impossible spaces test at the 150% slower
condition.
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Figure 4.4: Detection results and standard errors for the impossible spaces test at the 50% faster
condition.
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Figure 4.5: Detection results and standard errors for the impossible spaces test at the 150% faster
condition.
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Figure 4.6: Psychometric curves of all five conditions
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CHAPTER 5
DISCUSSION
The results of this study show that there was a 2.88% increase in the PSE from static to 50%
slower textural flow and a 4.51% increase from static to 150% slower. On the other side of the
control, there was a 0.92% decrease in the PSE from static to 50% faster textural flow, and a 1.82%
decrease from static to 150% faster. Overall, the PSE of the control was lower than the absolute
detection threshold of 31.06% found in Suma et al. [2] by 7.64%. I believe this is more than likely
due to a combination of three factors:
• The sizes of my environment and tracking area were smaller
• I tested a smaller population
• The participants of the study were all extensive virtual reality users
On the other hand, I believe the fact that there was still an increase given these factors speaks
strongly of the possibilities of utilizing altered textural flow with impossible spaces. If altering the
textural flow made a difference in overlap perception to a small group of experienced virtual reality
users, it is entirely likely that a larger group with a wider variety of virtual reality experience could
see a greater increase in the PSE.
The current results of the study seem to support some parts of the hypothesis. The slower
movement conditions did increase the PSE from the static texture condition with the 150% percent
condition causing a larger change than the 50% condition. This makes sense given that one would
expect a larger change to have a larger effect. This trend, seemingly, did not hold true for the faster
conditions. While overall the faster conditions did reduce the PSE as expected, the 150% faster
condition decreased the PSE less than the 50%. However, given that the difference in the two is less
than a quarter of a percent, I believe that more runs of the trials are necessary to see if this remains
true.
What proves to be the most promising, however, is that current results would suggest that
increased textural flow increases a user’s sensitivity to overlap by making the distance between the
rooms feel smaller, while decreased textural flow decreases a user’s sensitivity to overlap by making
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the distance between the rooms feel larger. As stated before, more testing needs to be done to
confirm that this trend holds, but if it does, the idea that you can affect a user’s perception of the
distance between the rooms without modifying the actual size or geometry of the environment could
greatly increase the use and effectiveness of impossible spaces.
Many of the participants made comments about the experiment during their trials. Most of the
participants noted during the 15% and 30% overlaps that they were unsure of some of their choices
and that it was difficult to tell if the rooms were possible or not, which makes sense given that
those were the two overlap percentages closest to the PSE. Some of the other comments made were
positive about the altered textural flow’s effect. For example, one participant noted that the altered
textural flow of the hallway made it difficult to place a mental reference point to figure out if the
depth of the room was possible. There was also some negative feedback on the environment itself.
Almost all of the participants made a comment on the hallway connecting the rooms being tight or
narrow. Expanding the width of the hallway may be worth pursuing in follow-up experiments.
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CHAPTER 6
CONCLUSION AND FUTURE WORK
This experiment examined a method of overcoming the limitations of physical space in virtual
reality environments known as impossible spaces and attempted to improve upon its effectiveness
by using it in conjunction with altered textural flow in the environment, using the variable room
size method from Experiment 1 of Suma et al. [2] as a guideline. In this study, I tested six overlap
percents and five texture movement speed to user movement speed ratios corresponding to five
textural flow conditions: static textural flow, 50% slower textural flow, 150% slower textural flow,
50% faster textural flow, and 150% faster textural flow. The results of this study show that overlap
can be increased by 2.88% in the 50% faster condition and 4.51% in the 150% faster condition.
Overlap can also be decreased by 0.92% in the 50% slower condition and 1.82% in the 150% slower
condition.
Although this study has some positive results, I plan to conduct more runs of this study in order
to work towards acquiring a more precise and definitive answer of the effect of altered textural flow on
impossible spaces environments. I also plan to run more participants through both blocks to gather
more data and collect more user feedback on how to make the environment more comfortable for
a user to walk through. Additionally, since this study only looked at an environment with variable
room size and only with movement ratios that were easily noticeable by participants, studying the
effects of altered textural flow on both environments with fixed room sizes as well as environments
with less noticeable movement ratios is an area of possible future study.
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